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Overview & Motivation

& ° e The search for signs of life beyond Earth.

s “Qn om0 e il Perform chemical anglyses on plar?etary
R e g <55 samples to characterize any organic
molecules present.

composition on organic compound derivatization, [..],

. , o o Interesting targets:
¥ likely be a major constraint in the ability for SAM to detect

= Amino acids

; amino acids and carboxyhc ac1ds 7 Stalport et al (2012)

= Carboxylic acids

GC-MS:
= High TRL and ideal for volatile species
= Limitations for non-volatile organics

= Derivatization & pyrolysis

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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Overview & Motivation

extraction!
*= Previous Systems:

= Low TRL
Manually operated

Not validated in a relevant end-to-
end scenario

= Here we present first automated and
remotely operated SCWE, validated on
test rover in Atacama Desert.

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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ALEXIA: automated Liquid Extractor for In-Situ Astrobiology

Sample Acquisition
* Drilling, Scooping,
Dumping, Sipping, etc.

Extraction
»  Subcritical Water Treatment
* Filtration

M. Fernanda Mora

; . The Chemical Laptop, Talk 211-7

Pre-Characterization o Tuesday, June 251" 3:00 — 3:15pm

*» Measurement of pH, ORP, EC , = - =
(lonic Composition)

Organic Analysis

= Sample Processing

« Separation
Detection

Kehl et al. (2019)
Patent pendmg- © 2019 California Institute of Technology. Government sponsorship acknowledged.
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Subcritical Water Extraction (SCWE)

Extraction principle: Water is superheated and
pressurized to keep it from boiling.

Liquid water greatly varies its dielectric
constant as a function of temperature and
pressure.

Cells are lysed, proteins are hydrolyzed into
peptides and amino acids, and bound
molecules can be cleaved from mineral matrix

Efficient extraction of a variety of organic
compounds using a single, nontoxic, and
environmentally benign solvent: water.

Teo, C. C., et al. (2010). Journal of Chromatography A, 1217(16), 2484—2494.

Smith, R. M. (2002). Journal of Chromatography A, 975(1), 31-46.

o ) ) Holz, M.,et al. (2000). Physical Chemistry Chemical Physics, 2(20), 4740-4742.

© 2019 California Institute of Technology. Government sponsorship acknowledged. Rogalinski, T, et al. (2005). Journal of Supercritical Fluids, 36(1), 49-58.



@ o rrorution aporatery
ALEXIA: Core & Extraction Cells

S Linear Actuator Crucible O-ring
+——— Removable O-ring
Gland Wall
Lock Ring (C-clip)
¢ plunger Removable
\Y Retainer Ring
Heater and Paper/cloth Filter

S IR Thermistor 4x Sintered Metal
Filter

H Rotatable Valve Spring Guide

P Carousel High Pressure

O-ring

Fluid Transfer
O-ring

Beegle, L., et al. (2011). In 2011 Aerospace Conference (pp. 1-10). IEEE.

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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b

Extraction Procedure
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Low-Pressure Fluidics & Pre-characterization

~ Sample Funnel

- Water Reservoir

Pressure Gauge ~ » Transfer Pump

Relief Valve — » Extract Outlet

Union Tee — Low-Pressure
" Fluidic Manifold —
Solenoid Valve —
_ High-Pressure
Check Valve — Pump

~ Peristaltic Pump
Fan

e

Check Valves (2x) Air/Water Inlets

Extract

Collection Vessel 3-Way Latching

Valves (4x)

Electrochemical = .- AN
Sensors B = :
\ . Transfer Pump

Inlet from High- / 4

Pressure Fluidics ( Outlets to Waste

and Analyzer

3D-Printed Fluidic y
Manifold e — Peristaltic Pump

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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Internal Electrochemical Sensors

—_
Equation y=a+b%x
124 Intercept 0.01113 £ 0.0538
- Slope 1.00235 +0.0058
8 104 | R-Square(COD) 0.99973
o
o s Check Valves (2x) Air/Water Inlets
£
€ 61
IQ_ Extract
41 llection Vessel
ot Collection Vesse ; — 3-Way Latching
2 ; . . \ . — = ; Valves (4x)
2 4 6 8 10 12 _ % “EFam ——
a) pH Meter Allas Scientific © —//>_ Electrochemical - afh, & LT |
Sensors i B
) Transfer Pump
) - - Equation y=a+bx >
Equation y=a+b%x 10000 ‘
600+ Intercept 9.45 +4.3562 g Intercept 2076787 +8.7063 .
—_ Slope 0.99471 + 0.0021 Inlet from High-
S Slope 0.95447 £ 0.0 S 50004 L 7 Outlets to Waste
€ 500 |R-Square(coD) 0.99986 ) R-Square(COD) 0.99998 Pressure Fluidics ¢
= 3 and Analyzer
" 6000+
8 2
O 400+ S
o 5 40004 3D-Printed Fluidic
O 300 =, Manifold B . —— Peristaltic Pum
o 300 T 50004 ! P
c
@) s}
200 O 4
200 300 400 500 600 0 2000 4000 6000 8000 10000
b) ORP Solution (mV) C) Std. Solution, Conductivity (uS/cm)

© 2019 California Institute of Technology. Government sponsorship acknowledged.



System Features & Telemetry @ o

Vibrating Funnel & Sample Portioner

Sealing Mechanism with Force Sensor

-

25

(" W4 MWWL

20

Capping Force (N)

(o] é 1'0 1l5 2'0 2I5 3l0 3'5
) Plunger Displacement (mm)

© 2019 California Institute of Technology. Government sponsorship acknowledged.




System Features & Telemetry |I&

High Pressure Pump, Valves and Gauge

-

-

Pressure (bar)

16

-
N
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~

o

Flow-Meter and Thermistor
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Internal Heater & Contactless IR Thermistor

-

Cell Temperature (-C)

o
o

200 ~ \
150 ~
100 4

T T T T
0 5 10
Time (min)

T
15

~

Miniaturized pH, ORP and EC Sensors

-

Equation

Skope
104 R-Square(COD)

y=a+b'x

129 ntercept 0.01113 £ 0.0538

1.00235  0.0058
0.99973

pH mini Probes

~

2 4 6

pH Meter

12

b

© 2019 California Institute of Technology. Government sponsorship acknowledged.



Jet Propulsion Laboratory
California Institute of Technology

Electronics and Firmware

: 18 T m =
o= DENTEWT Pl g
= 32 bit 180 MHz ARM Cortex-M4

* o [ D
i . omell @ Gk
e MRS o VL = SPI, I2C, UART, RS-485
- B e ceim W ,./_3.'5:: = Ethernet & wireless communication
3 - o tiee 6 raeE B 3.0 . o 2
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= 50 W heater & IR thermistor circuitry

= Pressure gauge and flow sensor
= Control 12 valves and 3 pumps

3 stepper motor controllers

EJ
NG|
tixa
Ll.}st.l_ll1
f‘f
N
E-m
|

Electrochemical sensing fro pre-
analysis of extract

‘[l] TN

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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Graphical User Interface

Extractor Component Control Interface

Turn Off All Devices

Network Controls

Select Extractor IP Address

IP Address for Lab Use  169.254.125.50

IP Address for Rover Ops 192.168.50.1:51000
10.20.10.11:51000
10.20.10.12:51000

Field Laptop #1
Field Laptop #2
Custom IP Address

Carousel Controls

Carousel Position

269

Encoder Disabled

Cell #3

Cell #4

Jet Propulsion Laboratory
California Institute of Technology

Instrument IP Address: 169.254.125.50
Page Last Updated at: 5/15/2018, 4:22:30 PM

Instrument Connection Status: Connected

Move to Position Manual Motor Controls

Sample Aquisition Move CCW
Cell Cap Release Move CW
Move to Position

Sealing/Injection

Carousel Position (degrees):
Carousel Motor Speed (deg/s):

Cell Heating

Zero Carousel)

* Internal Extractor micro processor is
hosting a “webserver”.

« FEasy to use, platform-independent GUI
with no need to install firm- or software
on control computer/rover.

« Even wireless control by tablet/mobile
device possible.

© 2019 California Institute of Technology. Government sponsorship acknowledged.



ARADS Field Trip 2018
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Integration on KREX2 Rover

© 2019 California Institute of Technology. Government sponsorship acknowledged.



Remote operation testing of s propution ks
extractor on remotely operated rover

o Bt window Helo fp e oy a £
e Deun. N @ VERvE 30 view \gnlummannsmnlsnnzem.\smuuswcu Gl  Access ControlView I

atardyefields -
[re—————— 1

orsampleGui <2>

| Agent: KA 2/25/2018 2:21:37.425 PM [19786) Agent: KRex2
Topic: r2pid_imagesensor_sample-GroundCam 694x519 Topic: rapid_imagesensor_sample-HazCamRight

bin: imagesSensorsamp

AN .
L =

F6 F7 F8 F9 F10 Fil 2 Viome = Womex\ Deee -

File Edit View Bookmarks Settings Help

© 2019 California Institute of Technology. Government sponsorship acknowledged. Credit: NASA Ames/IRG
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Remote Operations/Comms

Mila Chem. H Mila Laptop
Laptop : IP: 10.20.10.X

- i Field 1 Laptop
: IP: 10.20.10.11

Mila SPI en | K-Rex |
Extractor —IARM MCU H W5200 Switch

Eth

I Klea l—' Tropos I I Tropos I—' Router

IP:10.20.10.10  © IP:10.20.10.X

© 2019 California Institute of Technology. Government sponsorship acknowledged. Credit: NASA Ames/IRG



Automated sample acquisition @ s
with drill and robotic arm

© 2019 California Institute of Technology. Government sponsorship acknowledged. Credit: NASA Ames/IRG/MDA/Honeybee Robotics
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Amino Acid Analysis by CE-LIF

l Soil samples were brought back to
JPL for extraction and analysis by
capillary electrophoresis coupled to
laser-induced fluorescence (CE-LIF).

N
oo
]

N
-
1

185 °C for 45 min

ly 2 5/ .6 12 t0 217 nM

3 4 A
AT44 Extract SCWE required: no amino acids
/7\ Extract Blank extracted at room temperature.

~
/
*

Signal (RFUx10%)
=

L
-

18 20 22 24 26 28 30
Time (min)

© 2019 California Institute of Technology. Government sponsorship acknowledged. AnaIySIS as per Creamer et al. (201 7)
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Total Amino Acid Abundance

Kehl et al., 2019 : .
50 - B Amashukeli et al., 2007 [ Total amino acid abundance

extracted at 185 °C for 45 min is
comparable to what Amashukeli et
al. reported in 2007 (200 °C for 30
min).

o)
o
L l L

S
o
]

No serine, as it degrades quickly
at high temperatures

N
o
1 1

More work needed to increase
extraction efficiency

RN
()
[

Amino Acid Concentration (ppb)
w
o

o

Gly Ala Val  Ser

© 2019 California Institute of Technology. Government sponsorship acknowledged. AnaIySIS as per Creamer et al. (201 7)
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Enantiomeric Excess of Chiral AAs

é 100 - = G :

< Obtaining chiral information about
2 amino acids is a key scientific

% o benefits of using CE-LIF.

E ? Enantiomeric excess is a powerful
) 50+ indicator for biotic origin of AAs.

“Zj, 5, Excess of the L-form, as expected
E T 251 for samples containing terrestrial
kS life.

Y

L

Ala Leu Val

Analysis as per Creamer et al. (2017)

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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Electrochemical Analysis

= Analyzed ORP, pH and EC of

blank, cold and hot (same sample)
Extract ORP (mv) pH EC (uS/cm) extract.

. .

nas  TARLGRE 80 ORP and pH rer_nalned almo.s’F the
same, the electrical conductivity

311+1  667+005 1410+ 10 mcrea_sed by an order of
magnitude.

SRR L = Room temperature water can

effectively remove salts contained
In the sample.

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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Summary & Outlook

Liquid extraction is an enabling technique to measure
AA and CA at PPB levels, e.g. by CE-LIF.

Demonstrated first remotely controlled end-to-end or
“dirt-to-data” SCWE on a rover in the Atacama Desert.

Characterized the extract with electrochemical sensors.

Demonstrated extraction and subsequent chiral
analysis of AA at nM concentrations. We found life!

Outlook: Return to Atacama Desert this fall and
connect it to Chemical Laptop for end-to-end organic
analysis. (see, The Chemical Laptop, Talk 211-7, M.
Fernanda Mora, Today 3:00 — 3:15pm)

© 2019 California Institute of Technology. Government sponsorship acknowledged.
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Amino Acids as Biosignatures

Type
1

Abiotic

AIB
Iva

Proteinogenic
Ala, Asp,

Glu, Gly His
Leu, Ser,
Val

Rel. Abundance

_
>
1
I

e
W
1

Abundance Relative to Gly m

A MMM

o
=}
N

Meteorite E. coli
Amino acids in order of increasing
Gibbs Free Energy of Formation

Relative Abundance

Chirality

Abiotic Biotic Biotic
sample sample sample

|
L D L D L D

Molecular Property (amino acid chirality)

()
L

* * Blank

Relative Fluorescence Units (RFUx10°) Z

16 ll8 ZIO 2'2 2I4 2I6 2I8
Time (min)

Creamer, J. S., et al. (2017). Analytical Chemistry, 89(2), 1329-1337.
Willis, P. A., et al. (2015). Analytical and Bioanalytical Chemistry, 407(23), 6939—6963.
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Subcritical Water Extraction (SCWE

10°® -

2 g1
Dy,0/m?s

Diffusion rate increased. 10° -

2',6 2l,7 2|,8 2‘,9 3I,O 3l,1 3:2 3',3 3:4 3I,5 3:6 3',7 ' 3',8
(1000/T )/K-1
Fig. 1 Arrhenius plot of experimental self-diffusion coefficients for
H,O from isotopic tracer method [(@), ref. 5 and (&), ref. 6] and from
PFG NMR measurements (Jll), this paper. The fit curve represents a

Speedy—Angell power-law approach [eqn. (1)] with the parameters
given in the text.

Teo, C.C., Tan, S. N., Yong, J. W. H,, Hew, C. S., & Ong, E. S. (2010). Pressurized hot water extraction (PHWE). Journal of Chromatography A, 1217(16), 2484—2494.

Smith, R. M. (2002). Extractions with superheated water. Journal of Chromatography A, 975(1), 31-46. http://doi.org/10.1016/S0021-9673(02)01225-6.

Holz, M., Heil, S. R., & Sacco, A. (2000). Physical Chemistry Chemical Physics, 2(20), 4740-4742.

Rogalinski, T., Herrmann, S., & Brunner, G. (2005). Production of amino acids from bovine serum albumin by continuous sub-critical water hydrolysis. Journal of Supercritical Fluids, 36(1), 49-58.
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Subcritical Water Extraction (SCWE)

H o .
A P
H—/N—C—C—N—C—C
O T
R H R
H,O \
V
The process dissolves organics
and hydrolyzes proteins. Ho Ho Ho B o
H—\N+—(|3—C// H—\N+—(I3—C//
We perform SCWE at < 250C to /7 TN /7 \a-
: H O H (@)
prevent thermal degradation of R R

amino acids.

Teo, C.C., Tan, S. N., Yong, J. W. H., Hew, C. S., & Ong, E. S. (2010). Pressurized hot water extraction (PHWE). Journal of Chromatography A, 1217(16), 2484—-2494.

Smith, R. M. (2002). Extractions with superheated water. Journal of Chromatography A, 975(1), 31-46. http://doi.org/10.1016/S0021-9673(02)01225-6.

Holz, M., Heil, S. R., & Sacco, A. (2000). Physical Chemistry Chemical Physics, 2(20), 4740-4742.

Rogalinski, T., Herrmann, S., & Brunner, G. (2005). Production of amino acids from bovine serum albumin by continuous sub-critical water hydrolysis. Journal of Supercritical Fluids, 36(1), 49-58.



& i oronsion tateraen
Subcritical Water Extraction (SCWE

«= Subcritical Water Supercritical Water e

€ of H,0 at . _ , , , , _ . 2.8

various T

values and @ @ @ e @ @ 2 : 52%0
500 bar.

¢ of organic
solvents at
25°C and
1 bar.

butanol
15.8

Carbohydrates(e.g.aldoses,ketones,glycosides,deoxy and amino sugars, glycosides, disaccharides, etc.)

Peptides and amino acids

€ ranges
over which [— : : ) — :

different |Lipids (e.g. triacylglycerols, fatty acids, phosphoglycerides, sphingolipids, terpenes, steroids, etc.)

organic |
molecules

Heterocycles (e.g. pyrroles, furans, thiophenes, pyridines, pyrimidines, nucleic acids, etc.)

e
PAHs

Teo, C.C., Tan, S. N., Yong, J. W. H., Hew, C. S., & Ong, E. S. (2010). Pressurized hot water extraction (PHWE). Journal of Chromatography A, 1217(16), 2484—-2494.

Smith, R. M. (2002). Extractions with superheated water. Journal of Chromatography A, 975(1), 31-46. http://doi.org/10.1016/S0021-9673(02)01225-6.
Holz, M., Heil, S. R., & Sacco, A. (2000). Physical Chemistry Chemical Physics, 2(20), 4740-4742.

Rogalinski, T., Herrmann, S., & Brunner, G. (2005). Production of amino acids from bovine serum albumin by continuous sub-critical water hydrolysis. Journal of Supercritical Fluids, 36(1), 49-58.

are soluble
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Successfully set up remote comms

Mila Chem. Mila Laptop
Laptop : IP: 10.20.10.X
: Field 1 Laptop
IP: 10.20.10.11
Mila SPI e | K-Rex :
ARM MCU W5200 . :
Extractor Switch P e Eth
Eth Eth
: Eth Base
Klea Tropos : Tropos Router Switch

IP:10.20.10.10  © IP:10.20.10.X Eth
: Eth
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Crucible Injector Interface

Cap Assembly

CRUCIBLE INJECTOR ASSEMBLY

Crucible O-ring

+——— Removable O-ring

Gland Wall C::::n\:z:ve 2 / HOUSING
‘ Lock Ring (C-clip) v 4
Heater Contact

Removable

Retainer Ring 5 Rings

, Hi-Emissivity
Paper/cloth Filter Flexible ‘ IR Target PLUNGER GUIDE
Kapton Heater

Sintered Metal
Filter

; DECOUPLING SPRING
Valve Spring Guide Carousel Mounting
Assembly

High Pressure
O-ring

Fluid Transfer VALVE INTERFACE
O-ring

Beegle, L., et al. (2011). Sample handling and processing on Mars for future astrobiology missions. In 2071 Aerospace Conference (pp. 1-10). IEEE.



